Cryoablation for curing cardiac arrhythmias is a promising approach in clinical cardiology. It appears to have major advantages compared to ablation by radiofrequency. The aim of cryoablation is to electrically inactivate cardiac tissue and thus finish arrhythmia by means of cooling the related tissue. Modeling and simulation of the spatiotemporal distribution of the related non-stationary temperature field in myocardial tissue may help to optimize and thus improve the cryoablation procedure.
Introduction
Ablation of cardiac tissue is clinically the most established type of therapy for curing cardiac arrhythmias whenever medical treatment fails to succeed or cannot be applied. In brief, with this minimally invasive procedure a catheter is moved via a sheath through either the femoral artery or vein, or through the subclavian artery into the right or left heart's chambers (atria or ventricles) with X-ray guidance. After having localized the suspicious substrate within the heart responsible for the arrhythmia, this (generally small) area of cardiac tissue is subject to being inactivated electrically. In clinical practice nowadays, two different procedures for this intervention are commonly applied: either this substrate is heated (ablated) by radiofrequency (RF) ablation or is frozen by cryoablation techniques. Both strategies aim for the same goal: sustained inactivation of the ability to transmit the electrical spread of excitation at the suspicious cardiac area. This procedure is intended to reestablish the patient's physiological cardiac conditions to the greatest possible extent.
Cryoablation of cardiac arrhythmias is a targeted electrical inactivation of arrhythmogenic myocardial tissue achieved by shock-freezing as sustained therapy and thus avoiding recurrence of the arrhythmia. For this type of therapy specific heart catheters -cryoablation cathetersare applied. The catheter is connected to a console controlling the freezing procedure. A freezing medium (e.g., nitrous oxide) is needed to achieve the desired low temperature level (approximately -50 to -70 o C on the catheter's outer surface; temperature of the cooling medium itself is about -90 o C).
Application of cryoablation of cardiac arrhythmias has increased during recent years as specific types of catheters for curing complex types of arrhythmias have become available [1] . Moreover, the risk of complications due to ablation (e.g., perforation of tissue, induction of strokes) can be decreased significantly by cryoablation [2] . Another advantage of cryo-compared to RF-ablation is the fact that the area within the heart which was not frozen for too long and too cold can resume the same electrical and mechanical functionality which it had before the treatment (reversible process). This determines the most appropriate location of the catheter in order to achieve the highest efficacy of the interventional therapy.
In clinical practice, however, relatively long periods of freezing times, typically between three to six minutes, for cryoablation procedures might occur. This fact decreases clinical acceptance as, in general, freezing procedures have to be applied several times (approximately 10 freezing cycles are typical for curing, e.g., atrial flutter or atrial fibrillation), which consequently leads to longer waiting times. Moreover, the resulting need to change the freezing medium (gas bottle 15 kg; pressure of more than 50 bar) in the catheter laboratory is disturbing and therefore also a non negligible drawback of the cryoablation process.
The cryoablation procedure, however, can be optimized and thus the influence of the fore mentioned disadvantages can be reduced by modeling and simulating the freezing process of organic cardiac tissue. For modeling, simulating and investigating the cooling process within organic tissue Pennes' heat equation can be applied [3] . This differential equation is especially tailored to modeling temperature specific properties of organic tissue and thus determines the spread of cooling within tissue over time.
In this study a geometrical representation of the cryoablation catheter as well as cardiac tissue is applied for simulating the time course and spread of the temperature field due to the freezing procedure. As the intended application of this type of catheter will be the cryoablation of the left pulmonary veins in order to cure patients suffering from specific atrial arrhythmias, e.g., atrial fibrillation, the cardiac tissue can be regarded as left atrial myocardium with a mean depth (tissue between endo-and epicardium) of about 3 mm [4] . The simulation was performed with two specific material parameter settings for the catheter, in order to assess the related effects as a first step, thus optimizing related properties of the catheter and the cryoablation procedure in the near future.
Material and Methods
For investigating the cooling process within organic (and thus also cardiac) tissue Pennes' heat equation can be applied [3, 5] :
with vector r representing the Cartesian coordinates x, y and z, Ω denoting the spatial domain in question, c is the specific heat of tissue, and the space-dependent parameter λ representing the thermal conductivity. Parameter w b (r) reflects the space-dependent blood perfusion representing the blood flow rate per unit tissue volume and is mainly due to microcirculation including the capillary network and small arterioles and venules. T a is the blood temperature in the arteries supplying the tissue, T (r, t) is the actual tissue temperature. Parameter Q m (r, t) comprises the metabolic heat generation and Q r (r, t) reflects distributed volumetric heat sources occuring due to externally applied spatial heating. Note, that c, λ, the metabolic and perfusion specific parameters depend on the acutal organic tissue temperature T , which finally leads to non-linear problem describing differential equations.
Differential equation (1) is especially tailored to modeling tissue specific properties and thus determines the spread of cooling within tissue over time considering heat capacity c, anisotropic heat conduction λ of the tissue and additionally two important tissue related parameters: a) organic tissue is capable of producing heat (which leads to increasing tissue temperatures) by means of metabolic processes (considered by Q m (r, t) in (1)) [6] and b) the influence of perfusion, i.e., located within organic tissue arteries and veins contribute to equalizing temperature differences between those arteries and veins and the surrounding tissue (i.e., cooling of hotter tissue areas or heating of cooler ones compared to a preset fixed temperature of the blood within the arteries and veins) (considered by the second row in (1)) [7] . Parameter Q r (r, t) in (1) was not included in this study, as no externally spatial heating sources were applied. The cooling sources due to cryoablation, however, were included by Cauchy's boundary conditions, which is treated in more detail in section 2.4.
After geometrical discretization of the three dimensional organic volume Ω, where the spread of cooling is to be simulated in and out of the cryocatheter, and after taking appropriate boundary and initial conditions into account, the Finite-Element-Method (FEM) was applied to this study in order to solve the effective heat capacity model numerically. A similar approach for hyperthermal treatment of cancer can be found in [8] .
Geometry
The geometry was constructed employing the software package Hypermesh (Altair Eng. Inc.) and for all computing and displaying purposes AmiraDev 3.0 (TGS Template Graphics Software, Inc.) was used. In figure 1 an intersection view (onto the xy-plane) as well as a view perpendicular to the yz-plane of the geometry applied for simulating the spatio-temporal spread of the freezing wavefront is depicted. The tissue and catheter block (length in direction of z-axis) is 10 mm. The geometry comprises the following two compartments:
• The cryoablation-catheter, which is bounded by a concentric circle with a radius of 0.95 mm on the inner side and an ellipse on the outer side of the catheter. The cooling medium for the cryoablation process is located within the area enclosed by the circle. The geometrical dimensions of the ellipse are: semi-major axis = 1.25 mm, semi-minor axis ∼ = 1.15 mm. The center of the ellipse is shifted downwards by 0.2 mm compared to the center of the inner circle, thus the thickness of the wall pointing towards the cardiac tissue is smaller than the wall thickness of the region pointing to the atrial blood. This design-engineering scheme should optimize the cooling conduction into the cardiac tissue whereas the influence of heating due to atrial blood temperature should be minimized.
• The cardiac tissue modeled as a tissue block with geometrical dimensions shown in figure 1 . 
Parameter Values
As cardiac tissue mainly consists of water, a similar physical behavior in terms of freezing was taken into account for the simulation. In order to avoid numerical problems with respect to the transition between the liquid and the solid phase of water -during which the enthalphy of fusion of freezing water has to be considered -a moderate transition interval of T l ≥ T ≥ T s (T l ... lowest temperature liquid phase = 0 o C; T s ... highest temperature solid phase = -5 o C) was applied. During this temperature interval the enthalpy of fusion of freezing water ΔH was applied proportionally and also a smooth transition of parameter λ between its values of the liquid and solid phase was established.
The metabolic heat contribution Q m is computed depending on the actual temperature T (with T ≥ 0 o C) according to [5, 6] :
The heat contribution due to blood perfusion was computed employing
as long as T ≥ 0 o C [7] .
During the transition interval 0 ≥ T ≥ -5 o C the following equations and values for determining c and λ of the cardiac tissue were applied [5] :
with ΔH = 3.47· 10
6 (subscripts l and s are short for liquid and solid phases, respectively),
The related parameter values which were applied in this simulation study can be found in table 1.
Finite Element Method -FEM
In order to solve (1) for arbitrary geometries in a numerical way the Finite Element Method (FEM) was employed [8] . Linear functions applied to the tetrahedral elements of the geometry were used as interpolation functions. Galerkin's method of weighted residuals was applied which transformed eq. (1) to the linear algebraic equation system:
with C(T i ) the mass matrix, R(T i ) the stiffness matrix, M (T i ) and P (T i ) the metabolic and perfusion contribution, respectively, T i represents the vector containing the temperature values of each node of the tetrahedral mesh at discrete time step i, Δt is the chosen discrete time step. Note, that the mass as well as the stiffness matrix, and the 
contributions of the metabolic and perfusion term each depend on the node temperatures T i of the current time step i, thus reflecting the non linear nature of the related problem formulation. Eq. (6) represents the explicit formulation for computing non-stationary problems, which was applied in our present simulation study. In this case special care has to be taken for choosing a proper value for Δt, as -depending on the geometry and on λ and c -too large values for Δt could lead to an unstable -and thus useless -solution for T i+1 . In this simulation study parameter Δt was set to 0.5 ms. Eq. (6) is applied to both geometries, the catheter (entries of M (T i ) and P (T i ) are identically zero) and the cardiac tissue (values of vectors M (T i ) and P (T i ) are depending on the actual temperature T i and are identically zero, if T i < 0 o C). The reason for applying (6) to both geometries, although they are actually different domains with different parameters, is that the requirement of continuous transition of temperature and of the heat flux perpendicular to the boundary interfaces between those two domains is intrinsically fulfilled by the FEM.
Boundary and inital conditions
A boundary value problem (i.e., eq. (6) together with corresponding formulations about, e.g., the temperature on the boundary surfaces or the heat flux perpendicular to the boundary surfaces) cannot be solved uniquely unless appropriate and problem related boundary conditions are defined. In this simulation study Cauchy's and homogenous Neumann's boundary conditions were included.
A Cauchy's boundary condition can be described by The following interfaces were regarded as Cauchy's boundaries:
1. The inner (circular) surface of the catheter exposed to the freezing medium with parameters α = 200 W/(Km 2 ) for the part of the catheter length which had no outlet for freezing, α = 5, 000 W/(Km 2 ) for scenario 1 and α = 8, 000 W/(Km 2 ) for scenario 2 for the other part of the catheter (freezing outlet). Cauchy's temperature of the cooling medium was set in all of the cases to T c = -90 o C.
2. The part of the catheter's outer (elliptical) surface exposed to atrial blood flow with parameters α = 3, 000 W/(Km 2 ), and Cauchy's temperature of the atrial blood was set to T c = 36.5 o C. Cauchy's boundary conditions were included in eq. (6) leading to the following set of linear algebraic equations:
with R c a diagonal matrix considering α, the related area of the boundary surfaces Γ, and Cauchy's temperature T c . The two remaining boundary surfaces (i.e., surfaces on the left and right hand side of figure 1 ii) were regarded as homogenous Neumann's boundaries:
thus allowing no heat flux through these interfaces with respect to their surface normal vectors. As the natural boundary condition of the FEM is a homogenous Neumann's boundary condition, this condition is not explicitly included in the underlying FEM formulation.
As inital condition the temperature in all nodes of the mesh was set to T (0) = 36.5 o C.
Simulation
The simulations were performed on a Windows Vista computer employing the software framework AmiraDev 3.0 (TGS Template Graphics Software, Inc.). This framework displays scalar as well as vector fields in a comfortable way. Classes, member functions and attributes of the framework written in the object oriented programming language C++ can be included in self written C++ source code, which can be easily added to the framework by dynamic link libraries. The FEM simulation and the proper consideration of the boundary conditions was implemented by self written classes and functions. Time courses of temperature fields in specific nodes of the tetrahedral mesh were displayed employing Matlab (The MathWorks Inc.).
Results
For t > 0 s the freezing procedure was initiated due to consideration of the boundary conditions with the duration of the freezing procedure set to 360 s. Two different parameter settings for α at the inner cirular boundary surface and λ of the catheter were simulated and compared:
1. simulation scenario 1 with α = 5, 000 W/(Km 2 ) and λ = 0.5 W/(mK), and 2. simulation scenario 1 with α = 8, 000 W/(Km 2 ) and λ = 0.25 W/(mK).
The above depicted values for α are related to the half length of the geometry which is assigned as the freezing outlet, for the other part of the geometry α was set for both cases to 200 W/(Km 2 ).
In figure 2 the temperature field looking onto the xyplane (at z = 0 mm) for α = 5,000 and 8,000 W/(Km 2 ), respectively, is depicted.The snaphsot of the temperature field was taken after the simulated 360 s freezing cycle.
One possibility for assessing cryoablation is evaluating the final expansion of the freezing volume. In general the temperature field on the endocardial surface should be below 0 o C. Therefore in figure 3 the 0 o C isosurface is shown within the catheter-tissue block by a view onto the epicardial surface.
The time course of the temperature field for the two different parameter settings of five distinct nodes of the tetrahedral mesh are depicted in figure 4 . The location of these five corresponding nodes is shown in figure 1 . 
Discussion and Conclusion
In this work a study for simulating the spatio-temporal distribution of temperature fields due to application of cryoablation was performed. Pennes' differential equation together with considering the contributions due to metabolic processes and perfusion activity for describing heat within organic tissue was employed. A geometry comprised of the cryoablation-catheter with the related dimensions and a tissue block mimicking left atrial myocardium were approximated by means of a tetrahedral mesh.
Two different parameter settings for the catheter were used and the related effects on the spatio-temporal distribution of the temperature fields were simulated.
It could be clearly revealed by this simulation study that although a higher heat transition coefficient of α = 8,000 W/(Km 2 ) was applied to the cooling interface surface in the second case, the area on the epicardium enclosed by the 0 o C isosurface was smaller compared to the other simulation case. This is due to the fact that the heat conduction of the catheter in the second case was chosen to be λ = 0.25 W/(mK), i.e., half of the value as in the first simulation case. This finding is also reflected by a denser appearance of isolines within the catheter's lower part depected in figure 2 for the second simulation setting.
It is evident from figure 2 (bottom region) that a nonnegligible portion of cooling power is dissipated by the atrial blood flow. It would therefore be desirable to think of redesigning the catheter in order to reduce this power dissipation, thus having more power available for freezing the cardiac tissue.
In future work it could also be investigated, whether alternative boundary conditions (other than Cauchy's, like, e.g., inhomogeneous Neumann's boundary condition) might be better suited for modeling the appropriate states and processes on the outer surfaces of the tissue block.
Validation of the cryoablation model and its related parameters and boundary conditions have been and will be performed applying experimental measurements.
This simulation study shows that for the future it will be possible to simulate different material parameters, different freezing scenarios, and freeze-thaw-cycles [9] , which all together should contribute to the optimization of the freezing process -thus reducing the overall duration of intervention for the patient.
